Various bacteria of the family Acetobacteraceae are associated with the gut 26 environment of insects. Honey bees harbor two distinct Acetobacteraceae in their gut, 27
the few phylotypes that have repeatedly been found in the gut of the honey bee queen, 84 which is the only reproductive female in a honey bee colony ; 85 Kapheim, et al. 2015; Powell, et al. 2018) . 86
A recent study showed that Alpha2.2 was predominantly found in the mouth, midgut, 87 and ileum of queens, while Alpha2.1 was more abundant in the rectum (Anderson, et 88 al. 2018 ). Moreover, Alpha2.2 has also been detected in royal jelly, floral nectar, bee 89 bread (i.e. pollen stores of honey bees), and in bee larvae, indicating that this 90 phylotype can live in more diverse environments than Alpha2.1 (Anderson, et al. 91 2014; Corby-Harris, et al. 2014 ; Maes, et al. 2016; Vojvodic, et al. 2013) . 92 6 Several strains of Alpha2.2 have been isolated, one of which (strain MRM) was 93 described as a novel species, Bombella apis (Yun, et al. 2017 ). Other isolates of 94 (Smith and Newton 2018) . However, an in-depth 106 functional analysis of the gene content and overall metabolic capabilities of Alpha2.2 107 relative to Alpha2.1 has not been carried out to date. 108 Compared to Alpha2.2, much less is known about the phylotype Alpha2.1. 109
Phylogenetic trees based on 16S rRNA gene sequences suggest that Alpha2.1 belongs 110 to a deep-branching lineage within the Acetobacteraceae (Martinson, et al. 2011 ). The 111 two most closely related species belong to the candidate genus Commensalibacter 112 (Commensalibacter sp. MX-Monarch01 and Commensalibacter intestini A911), 113 isolated from the gut of a butterfly and a fruit fly, respectively (Roh, et al. 2008; 114 Servin-Garciduenas, et al. 2014). Therefore, the phylotype Alpha2.1 is frequently 115 7 referred to as Commensalibacter sp. While genomes have been published for strains 116 of all three Commensalibacter species (Kim, et al. 2012; Servin-Garciduenas, et al. 117 2014; Siozios, et al. 2019) , little is known about their gene content, metabolic 118 capabilities, and phylogenetic positioning in respect to other Acetobacteraceae. 119
120
The presence of two phylogenetically related phylotypes from a family known to be 121 optimized for fast growth in carbohydrate-rich environments prompted us to study 122 their metabolic niches in the honey bee gut environment. We carried out 16S rRNA 123 gene-based community analysis, sequenced 12 isolates of Alpha2.1 and Alpha2.2, and 124 carried out comparative genomic analysis including previously sequenced strains. 125
We find that the two phylotypes are differentially distributed along the worker and 126 queen bee gut, and confirm previous studies that show that they belong to distinct 127 phylogenetic lineages within the Acetobacteraceae. The comparative genome 128 analysis suggests that the two phylotypes have different strategies to metabolize 129 carbon sources and to harvest energy. Moreover, we identified several characteristics 130 of Alpha2.1 that are unique among Acetobacteraceae, which is in agreement with its 131 sequencing and the other for bacterial isolation. For the samples used for bacterial 141 isolation, the four different gut regions were pooled together prior to plating them on 142 different media. 143 144 Amplicon sequencing 145 DNA from the different gut samples was isolated using an established CTAB/phenol 146 extraction protocol ). The 16S rRNA gene was amplified with 147 primers 27F and 907R prior to sending the samples for amplicon sequencing analysis 148 at Microsynth (Switzerland). At Microsynth, the V4 region of 16SrRNA gene was 149 amplified using universal primers 515F/806R (Caporaso, et al. 2011) , and the 150 amplified fragments were purified and sequenced with the Illumina MiSeq platform 151 (2x250bp). The number of 16S rRNA gene copies per host actin copy was quantified 152 through qPCR with universal bacterial primers for honey bee gut (F 153 5'AGGATTAGATACCCTGGTAGTCC-3', R 5'-YCGTACTCCCCAGGCGG-3') following the 154 method described by Kešnerová et al. (2017) . 155 9 156
Sequence processing and community analysis 157
Raw reads were processed and reads with more than 75% of bases below a quality 158 score of 33 were filtered with FastX-Toolkit (Gordon & Hannon 2010, unpublished, 159 http://hannonlab. cshl. edu/fastx_toolkit). Remaining paired reads were merged 160 with PEAR (Zhang, et al. 2014 ). Paired reads were quality-filtered, dereplicated, 161 clustered into OTUs at 97% identity and chimera-filtered with VSEARCH (Rognes, et 162 al. 2016) . OTU abundance was calculated by mapping the total quality-filtered paired 163 reads to the final clusters using VSEARCH --usearch_global. The resulting abundances 164 were normalized by the total 16S rRNA gene copy numbers as estimated through 165
qPCR. 166
Representative OTU sequences were assigned to taxonomic categories with SINA 167 Alpha2.2 were selected for genome sequencing. Four additional strains were selected 183 from a previous culturing effort using a similar culturing approach (see Table S1 ). Lausanne. The genome sequence analysis was carried out as described in Ellegaard 192 et al. (2019) . In short, the resulting sequence reads were quality-trimmed with 193 trimmomatic v0.33 (Bolger, et al. 2014 ) and assembled with SPAdes v.3.7.1 194 (Bankevich, et al. 2012 ). Small contigs (less than 500 bp) and contigs with low kmer 195 coverage (less than 5) were removed from the assemblies, resulting Comparison of genome structure and divergence. 237
The R package genoplotR was used to compare and visualize whole genome 238 alignments (Guy, et al. 2010 ). Pairwise BlastN comparison files were generated using 239 command line blast v2.2.31+ using a bit score cutoff of 100. To estimate sequence 240 divergence between genomes, we calculated pairwise ANI with orthoani (Lee, et al. 241 2016) using the exectutable "OAT_cmd.jar" with the parameter "-method ani.". 242 243
Comparison of the functional gene content. 244
To analyze differences in gene content between Alpha2.1 and Alpha2.2, we extracted 245 all OrthoMCL gene families that contained a homolog in at least one of the 21 genomes 246 of the two phylotypes of interest and included also singletons, i.e. gene families that 247 13 had homologs in only one of the genomes. This resulted in a total of 3,275 gene 248 families identified across 21 genomes of Alpha2.1 and Alpha2.2. These gene families 249 were categorized into 'shared' and 'specific' core and pan genome subsets depending 250 on their presence/absence in the genomes of Alpha2.1 and the two sub-lineages of 251
Alpha2.2. To analyze functional differences between different subsets of core gene 252 families, we assigned the IMG/mer annotation of one of the homologs (if possible the 253 one of the complete reference genomes) to each gene family. These annotations were 254 used to determine the distribution of gene families into COG categories and to identify 255 the shared and phylotype-specific metabolic capabilities, biosynthetic pathways, and 256 transport functions based on the analysis of KEGG pathways. For the analysis of the 257 respiratory chain, we combined several approaches: The characterization of the 258 electron acceptors was mainly based on KEGG annotations and the previous 259 publication of the genome of Bombella intestini (Li, et al. 2016 ). To identify 260 respiratory dehydrogenases we carried out keyword searches with 'dehydrogenase' 261 and 'reductase', and identified all gene families that belonged to an enzyme class (EC 262 number) that has been described in the literature as being a respiratory enzyme 263 (Marreiros, et al. 2016 ). The TCA cycle analysis was based on KEGG annotations. 264
For inferring phylogenetic trees of the nitrate reductase subunit alpha (narG) and the 265 nitric oxide reductase, the amino acid sequence of one of the homologs was searched 266 against the nr database using BLASTP. From the top blast hits, a subset of homologs 267 identified in divergent strains and species was selected to build a phylogeny using bacterial loads than workers. The largest bacterial loads were found in the rectum, 288 and the smallest in the crops, as reported in previous studies (Martinson, et al. 2012; 289 Powell, et al. 2018 ). The only gut region where the queens had significantly larger 290 loads than the workers was the crop (Figure 1A) . 291
The community composition differed markedly between castes and gut regions. and contributed the most to total community composition, in the rectum of queens 301 ( Figure 1A and 1C) . 302
None of the two Alpha2 phylotypes were exclusively associated with queen guts, but 303 instead were found in all gut compartments from both castes. The average 16S rRNA 304 gene copies per actin copy of both phylotypes were consistently higher in workers 305 than in queens, and overall Alpha2.1 was higher than Alpha2.2. Nevertheless, we 306 found differences in the ratios between Alpha2.2 to Alpha2.1 within gut 307 compartments: Alpha2.1 was more abundant in the rectum, and Alpha 2.2 was more 308 abundant in midguts of both queens and workers (Figure 1B) . The ratios in the ileum 309 differed between castes, with Alpha2.2 being more abundant in the queens, and 310
Alpha2.1 being more abundant in the workers. As expected between individual bees, 311
we observed large variability across the four replicates, particularly for queen's 312 crops, but the pattern observed in queens is also in line with that reported in 313 Anderson et al. (2018) . 314
In summary, both phylotypes are found across all gut compartments of queens and 315 worker bees, but while Alpha2.2 seems to be more abundant and contributes 316 proportionally more to the community in the queen crop and midgut, Alpha2.1 is 317 much more abundant in the rectum of both castes. 318 319 Alpha2.1 and Alpha2.2 belong to two distinct phylogenetic clades within the 320
Acetobacteraceae. 321
To facilitate functional and phylogenetic analysis, we sequenced the genomes of 322 seven Alpha2.1 and five Alpha2.2 strains ( Table S1 ). Eight of the 12 strains were 323 isolated from the same worker and queen bees that were analyzed in the previous 324 section. The other four strains were isolated from other worker and queen bees. One 325 strain of each phylotype was assembled into a single circular chromosome (strain 326 ESL0284 for Alpha2.1, and strain ESL0368 for Alpha2.2) and served as reference for 327 our analysis. The assemblies of the other genomes consisted of 5-22 contigs. Genome 328 size varied little among strains and was comparable between the two phylotypes 329 ranging from 1.85-2.07 Mb. The overall genome structure was largely conserved in 330 both phylotypes as based on whole genome alignments with the complete genome of 331 the reference strain of each phylotype (Figure S1) . Commensalibacter, a deep-branching monophyletic lineage, which was basal to most 343
AABs within the Acetobacteraceae. However, a relatively long branch separated 344
Alpha2.1 from the two Commensalibacter strains (Figure 2 ) and the average 345 nucleotide identity (ANI) between their genomes was very low (~70%, see Table S2 346 and Figure S2 ) indicating deep divergence. In contrast, the analyzed strains of 347
Alpha2.1 were closely related to each other, as evident from the short branches 348 separating the different strains in the phylogenetic tree (Figure 2 ) and the high ANI 349
between their genomes (98-99%, see Table S2 and Figure S2 ). This agrees with a 350 recent metagenomic study, which found that Alpha2.1 belongs to the species with the 351 lowest extent of strain-level diversity within and between individual honey bees 352 (Ellegaard and Engel 2019). Our results suggest that Alpha2.1 presents a novel 353 species of the genus Commensalibacter. Notably, the genomes of Alpha2.1 and the two 354 strains of Commensalibacter had a very low GC content (~37%) relative to all other 355 sequenced Acetobacteraceae, which is usually between 50-60% (Table S1) while ANI values between strains of the two different sub-lineages were low (74-366 75%, see Table S2 and Figure S2) . No genome sequence is currently available for the 367 designated type strain MRM of the described species B. apis (Yun, et al. 2017) . 368
However, based on 16S rRNA sequence similarity, this strain could undoubtedly be 369 assigned to one of the two sub-lineages ( Figure S3 ). We will refer to this sub-lineage (Figure 3C and 3D, Figure S4) . In contrast to 394 most symbionts in the honey bee gut, Alpha2 lineages code for pathways for the de 395 novo synthesis of purine and pyrimidine nucleosides. The dihydroorotate 396 dehydrogenase (E.C. 1.2.5.2) in Alpha2.1 is quite divergent, with higher identity to its 397 homologues in Gilliamella (~64%) than those in Alpha2.1 (~24%). The gene is 398 adjacent to uup, involved in transposon excision in E. coli (Carlier, et al. 2012) , 399 suggesting it has been acquired by HGT. Notwithstanding, all genomes from Alpha2.1 400 code for a symporter for the uptake of environmental orotate, suggesting it can also 401 satisfy its need for this nucleoside precursor extracellularly. The de novo nucleoside 402 biosynthesis is costly, and several gut symbionts lack these functional pathways, 403 preferring their uptake from the environment as evidenced by nucleoside depletion 404 in the bee gut in the presence of microbiota ). Alpha2.2 405 genomes code for an adenosine importer, which in turn can be interconverted with 406 inosine, xanthine and guanosine. This suggests that Alpha2.2, like most other bee gut 407 21 symbionts, prefers to acquire these DNA and RNA building blocks from the 408 environment rather than synthesizing them de novo. Although sharing many metabolic capabilities, Alpha2.1 and Alpha 2.2 each harbored 446 a considerable number of phylotype-specific core gene families, i.e. gene families 447 present across all analyzed strains of one phylotype, but absent from all strains of the 448 other phylotype (Figure 3A, Table S5 ): 483 and 407 gene families for Alpha2.1 and 449
Alpha2.2, respectively. The number of core gene families specific to each of the two 450 sub-lineages of Alpha2.2 was relatively small: 45 gene families for B. apis and 24 gene 451 families for Bombella sp. All three groups (i.e. Alpha2.1, B. apis, and B. sp.) also 452 harbored a relatively large flexible gene pool (i.e. gene families present in only a 453 23 subset of the strains), as indicated by the total number of gene families in each group 454 (i.e. pan genome) as compared to the core genome ( Figure 3A, Table S5 ). 455
456
The 483 and 407 phylotype-specific core gene families belonged to a wide range of 457 COG categories suggesting differences in diverse metabolic functions. However, four 458 COG categories stood out as being particularly abundant among the Alpha2.1-specific 459 core gene content as compared to the shared core gene content (Figure 3B) : 'Energy 460 production and conversion' (COG C) , 'Carbohydrate transport and metabolism' (COG 461 G), 'Coenzyme transport and metabolism' (COG H), and 'Inorganic ion transport and 462 metabolism' (COG P). Gene families of these particular categories encoded a relatively 463 large number of dehydrogenases/oxidoreductases, putative transporters for 464 nitrate/nitrite, sulfate, and iron, and nearly complete gene sets for the synthesis of 465 vitamin B1 (thiamine), vitamin B12, and the co-factor molybdopterin, all of which 466 were absent from Alpha2.2. Interestingly, several genes linked to the TCA cycle were 467 also specific to Alpha2.1 (Figure 3C and 3D) . 468 469 Among the Alpha2.2-specific core gene content two COG categories were particularly 470 abundant compared to the shared core genome (Figure 3B) : 'Inorganic ion transport 471 and metabolism' (i.e. COG P) and 'Cell motility' (i.e. COG N). Almost all gene families 472 in the category 'Cell motility' coded for different flagella subunits, suggesting that 473
Alpha2.2, but not Alpha2.1, is motile (Figure 3C and 3D) . Gene families in 'Inorganic 474 ion transport and metabolism' encoded for diverse transporters, in particular for iron 475 and phosphate. All Bombella strains also harbored genes encoding the redox cofactor 476 24 pyrroloquinoline quinone (PQQ) and a PQQ-dependent glucose dehydrogenase 477 involved in respiration (see below). Another notable difference between the two 478 phylotypes was that Alpha2.2 encoded an entire CRISPR/CAS9 system, while 479
Alpha2.1 was lacking any homolog of these antiviral defense systems (Figure 3C and  480   3D) . 481 482 Major differences in respiratory chain and TCA cycle between Alpha2.1 and 483
Alpha2.2. 484
Both phylotypes seem to carry out aerobic respiration to gain energy. However, the 485 presence of various dehydrogenases and TCA cycle genes among the phylotype-486 specific gene content suggested differences in the energy metabolism (Table S5) . We 487 identified 16 membrane-associated dehydrogenase/reductases likely to be involved 488 in electron transport respiratory chain hence the production of energy (Figure 4 , 489 Table S6 ). 490
Six dehydrogenase/reductase gene families were present among the shared gene 491 content of Alpha2.1 and Alpha2.2, three of which are electron donors (a D-lactate 492 dehydrogenase, a complex I type-II NADH dehydrogenase, and a putative membrane-493 bound dehydrogenase), and three of which are electron acceptors, namely the 494 ubiquinol:cytochrome bc1 complex III and the two terminal electron acceptors 495 cytochrome bo3 and bd ubiquinol oxidases. and bo3). These consist of the common 496 respiratory metabolism shared between the two lineages. The remaining 11 497 dehydrogenases/reductases belonged to the phylotype-specific core gene content 498 (i.e. were present in all strains of one phylotype but absent from the other). 499 25 Eight of these phylotype-specific dehydrogenases/reductases were only present in 500
Alpha2.1. Six dehydrogenases are electron donors to ubiquinone from oxidation of 501 succinate, NADH (one nuo/type-I in addition to the shared ndh/type-II), glycerol-3-502 phosphate, malate and the aforementioned dihydroorotate dehydrogenase (Figure  503 4A, Table S6 ). The type I NADH dehydrogenase and the nitrate reductase are proton-504 pumping enzymes that directly contribute to the production of energy (Marreiros, et 505 al. 2016 ). Both enzyme complexes are dependent on the cofactor molybdopterin, 506 which explains the presence of the corresponding biosynthesis genes in the genomes 507 of Alpha2.1, but not Alpha2.2. The genes encoding the co-factor and the nitrate 508 reductase are located in the same genomic island and have best blast hits to and Betaproteobacteria, suggesting acquisition by HGT (Figure S5) . (Figure 4A) . . 510
The other two terminal oxidases are nitrate and nitric oxide reductases, which 511 suggest that Alpha2.1 has the capability to carry out anaerobic respiration ( Figure  512 4A). Homologs of the gene encoding the nitric oxide reductase were not present in 513 any other closely related Acetobacteriaeceae strain (i.e. other Commensalibacter sp.) 514 suggesting a specific role for Alpha2.1 and acquisition by HGT as is common for 515 denitrification enzymes (Jones, et al. 2008) (Figure S6) . 516
Only three dehydrogenases were specific to Alpha2.2: a different dihydroorotate 517 dehydrogenase, the above mentioned PQQ-dependent glucose dehydrogenase, and a 518 gluconate-2-dehydrogenase ( Figure 4B) . The last two catalyze the periplasmic 519 conversion of glucose into gluconate and gluconate into 2-keto-gluconate, and are 520 characteristic of the oxidative fermentation pathway common to most 521
Acetobacteraceae. This is in contrast to Alpha2.1, which lacked genes encoding 522 26 periplasmic dehydrogenases and hence seems not able to carry out oxidative 523 fermentation. 524
525
We also identified major differences in the TCA cycle between the two phylotypes. All 526 strains of Alpha2.1 harbored the full gene set of the TCA cycle, including an 527 acetate:succinate CoA-transferase gene (aarC) for metabolizing acetate to acetyl-CoA 528 (Mullins, et al. 2008 ), a typical feature of the TCA cycle of Acetobacteraceae thought 529 to be an adaptation to the high amounts of acetate produced by some of them ( Figure  530   4C) . In contrast, the TCA cycle was incomplete across strains of Alpha2.2 to different 531 degrees. While in the sub-lineage of B. apis the enzymatic steps from succinyl-CoA to 532 fumarate (two steps) and from malate to oxaloacetate (one step) were missing, the 533 strains of the other sublineage were also missing genes for the conversion of acetyl-534
CoA to 2-oxoglutarate (four steps). Several Acetobacteraceae have been reported to 535 harbor partial or modified TCA cycles, especially those that utilize oxidative 536 fermentation to gain energy (Brown and Wernegreen 2019; Mullins, et al. 2008) . 537
However, in none of them the pathway seems to be as reduced as in this particular 538 sublineage of Bombella (Figure 4D) . 539 Intriguingly, the fate of malate in the two phylotypes is markedly different. Alpha2.1 540 displays a malate:quinone oxidoreductase as part of the conversion of malate to 541 oxaloacetate in the TCA cycle. This enzyme is an alternative that contributes to both 542 the proton motive force through proton pumping and the ubiquinone pool with 543 electrons. Malate can also be converted into pyruvate and CO2 through malate 544 dehydrogenases. Alpha2.1 codes for the NADP-dependent maeB (EC 1.1.1.40), and 545 27 Alpha2.2 codes for a NAD-dependent maeA (EC 1.1.1.38). The latter is found adjacent 546 to the class-II fumarase fumC (EC 4.2.1.2) in the Alpha2.2 genomes, that also lack the 547 genes to generate fumarate from succinate, and hence must rely on fumarate 548 produced through other anabolic pathways such as the urea cycle or aspartate 549 metabolism. Accession numbers of the Alpha2.1 and Alpha2.2 strains can be found in Table S1 . Numbers in brackets indicate total gene families found for each clade. Notably, the 898 number of analyzed genomes (indicated by n) can influence the number of pan and 899
